adipocytes is greatly enhanced. Increased circulating levels of RBP4 suppress phosphoinositide-3-kinase in muscle cells, and in the liver, stimulate the expression of phosphoenolpyruvate carboxykinase (PEPCK), inducing systemic insulin resistance. Treatment of adipose-Glut4 K/K mice with rosiglitazone, an insulin sensitizer, reduced the elevated RBP4 mRNA levels in adipose tissue and completely normalized the serum RBP4 levels (Yang et al. 2005) . In humans, subcutaneous adipocyte GLUT4 protein levels correlated positively with the rate of glucose disposal and negatively with serum levels of RBP4 (Graham et al. 2006) .
Despite the emerging evidence for a causal relationship of RBP4 to insulin resistance, no previous study has investigated the relationship between RBP4 and colon neoplasia. Therefore, we carried out a cross-sectional study to examine the hypothesis that high levels of RBP4 are associated with an increased risk of colon adenoma.
Materials and methods
The study population consisted of 626 patients who were referred for colonoscopy screening at the University Hospitals Health System (UHHS) from January 2006 to March 2007. Out of them, 196 patients who had histologically confirmed adenomatous polyps in the colon were defined as cases, and the remaining 430 patients with negative screening were defined as controls. We excluded those with the following indications: i) a prior diagnosis of any cancer, colorectal adenoma, or inflammatory bowel diseases; ii) a known family history of hereditary non-polyposis colon cancer, familial adenomatous polyps, or other cancer syndromes; and iii) below the age of 30. Of the eligible participants, 64.9% agreed to participate.
Each participant completed a Computer-Assisted Personal Interview (CAPI) based on the Risk Factor Questionnaire (RFQ) developed by the NCI Colon Cancer Family Registry (http://epi.grants.cancer.gov/CFR/about_ questionnaires.html). A research nurse obtained measurements of height, weight, and fasting blood samples from each participant just before their colonoscopy examination.
Blood samples were immediately processed in a research laboratory and stored at K80 8C. Serum RBP4 levels were measured by ELISAs (Alpco Diagnostics, Salem, NH, USA). Laboratory personnel were blind to the case and control statuses of each participant and RBP4 assays were performed twice, the average of which were used for the final value for each participant. Serum levels of insulin and glucose were available for 593 patients, and the homeostasis model assessment of insulin resistance (HOMA-IR) was calculated (glucose!insulin/405). Of the 33 patients for whom HOMA-IR calculations were missing, 17 were controls and 16 were cases, and there was no statistically significant difference in age, sex, and race between those with and without HOMA-IR data. All patients signed written consents and this study was approved by the University Hospitals Case Medical Center Institutional Review Board.
We first performed univariate analyses of BMI, serum RBP4, and other covariates comparing the cases with the controls, using either ANOVA (for continuous variables) or a c 2 test (for discrete variables). We then applied unconditional logistic regression to estimate coefficients and 95% CIs for the association between log(RBP4) and colon adenomas. In our base model, we adjusted for age, race, and sex. We then further adjusted for BMI, family history of colorectal cancer, smoking, and NSAID use (full model). We also compared log(RBP4) results from multivariate logistic regression models with and without adjustment for HOMA (full modelCHOMA). Odds ratio (OR) estimates for continuous scale were calculated for each 35 mg/ml increment (w1 S.D.) in RBP4 levels.
To examine the potential modifying effect of BMI, we categorized each individual into 'lower' or 'higher' BMI group based on the median value (27.8 kg/m 2 ). RBP4 was then analyzed as a categorical variable based on the tertile cut-off values of the entire study population. Categorical RBP4 was analyzed for both 'lower' and 'higher' BMI groups in all three models (base model, full model, and full modelCHOMA). Tests for trend were based on logistic regression coefficients for continuous scale. We tested for multiplicative interaction between RBP4 and BMI by including their cross-product term in the models. All P values were two-sided and computed using R i386 3.0.2.
Results
The cases had higher levels of RBP4 than the controls (meanZ58.5 mg/mlG38.2 vs 51.9 mg/mlG32.5; PZ0.03).
Smoking, sex, and age differed significantly between the cases and the controls as well ( Supplementary Table 1 , see section on supplementary data given at the end of this article). In base model, log(RBP4) was in statistically significant association with the risk of colon adenoma (ORZ3.10, CIZ1.15-8.66; PZ0.03). Further adjustment for BMI, NSAIDs, family history of colorectal cancer, diabetes mellitus (DM), and smoking (full model) had little impact on the results. Adding HOMA-IR to the full model yielded similar results. As treatment of DM may reduce RBP4 levels, we then repeated the analyses excluding 90 patients with DM. The estimates were virtually identical to the analyses based on the entire sample, except for a slight decrease in b-slope in HOMA-IR adjusted model (Table 1) .
To explore potential effect modification by obesity, we performed analyses stratified by BMI (!27.8 kg/m 2 (median) vs R27.8 kg/m 2 ). For those with a lower BMI, there is an approximately twofold increase in the adenoma risk for the top tertile (ORZ2.07, CIZ1.04-4.11; P trend Z0.04); in contrast, the corresponding OR estimate was 1.02 (CIZ0.53-1.97) for those with a higher BMI (P trend Z0.93). Excluding patients with DM revealed an even stronger association among those with a lower BMI (Fig. 1) . Again, there is little evidence for the association among those with a higher BMI. Further adjustment of HOMA-IR yielded similar results (data not shown). Tests for multiplicative interaction between RBP4 and BMI groups were not statistically significant (PO0.10).
Discussion
This is the first population-based study relating circulating levels of RBP4 to the risk of colon neoplasia. The mechanisms by which RBP4 may contribute to colon carcinogenesis are largely unknown. Our analysis was motivated by the discovery of RBP4 as a novel adipokine with a potentially causative role in insulin resistance (Yang et al. 2005 , Graham et al. 2006 . While our data indeed indicate a strong positive association, especially among patients with a lower BMI, the observed association is independent of insulin resistance, suggesting that mechanisms other than insulin resistance may underlie the RBP4-colon neoplasia relationship. RBP4 is the principal transporter for retinol and a recent study has demonstrated that the holo-RBP protein may act through its own receptor STRA6, which transduces JAK2/STAT3 signaling, to initiate carcinogenic transformations (Berry et al. 2014) . It is thus tempting to speculate that RBP4 may promote colon carcinogenesis through this pathway. Our observation that the RBP4-adenoma association is limited to patients with a lower BMI is intriguing. Adipose tissue is recognized as an active endocrine organ secreting a number of bioactive adipokines, which regulate physiological and pathological processes such as insulin sensitivity and resistance, inflammation, immunity, and carcinogenesis (Kahn & Flier 2000 , Van Kruijsdijk et al. 2009 ). We speculate that the wideranging effects of adipose tissue dysfunction in the state of obesity are so pervasive that the relative contribution of RBP4 is diminished.
There are limitations of our study. First, the crosssectional nature of our study cannot readily dismiss reverse causality, i.e. the presence of adenoma may have elevated the circulating levels of RBP4. Secondly, although we found striking difference in risk association between the 'higher' and the 'lower' BMI groups, our study with a moderate sample size has limited statistical power to detect multiplicative interaction between BMI and RBP4; as such, chance finding remains a potential explanation of the observed differential association between the two BMI groups. Finally, there were considerable differences in smoking, sex, and age between the cases and controls. Although we have included these variables as covariates in our models, we recognize that statistical adjustment of smoking, sex, and age may not adequately control for confounding by these variables or other unmeasured factors.
In summary, we demonstrate that higher circulating levels of RBP4 are associated, independent of insulin resistance and DM, with the risk of colon adenoma, in particular among those with a lower BMI (!27.8 kg/m 2 ). Further investigation is merited to corroborate our findings and unravel the underlying molecular mechanisms of the association between RBP4 and colon adenomas. 
